Following our observation of slow degradation of short-circuit current (Isc) in crystalline silicon (x-Si) modules that was correlated with ultraviolet (UV) exposure dose, we initiated a new study of individual x-Si cells designed to determine the degradation cause. In this paper, we report the initial results of this study, which has accumulated 1056 MJ/m2 of UV dose from l-sun metalhalide irradiance, equivalent to 3.8 years at our test site. At this time, the control samples are unchanged, the unencapsulated samples have lost about 2% of lsc. and the samples encapsulated in module-styfe packages have declined from I % to 3%. depending on cell technology.
INTRODUCTION
Previously, we reported slow (0.25% to 0.60% per year) degradation of lSc in x-Si modules that were stressed with real-time outdoor, accelerated outdoor, and accelerated indoor exposure techniques [l-31. The degradation rates were linear with the total UV radiation exposure doses (our outdoor test site averages 274 MJ/m2 of total UV per year). Several possible causes of the slow degradation were identified: 1) obscuration or absorption in the glass superstrate, 2) obscuration or absorption in the ethylene vinyl acetate (EVA) encapsulant, 3) degradation of the antireffection (AR) coatings, or 4) degradation of the p-n junctions. Isolating these possible causes in modules is not an easy task. Because modules contain a large number of cells connected in series, nondestructive current-voltage (I-V) and quantum efficiency (QE) measurements on individual cells are quite difficult or impossible. Nondestructive measurements of the superstrate glass and encapsulate materials are also impossible. Consideration of all the available evidence seemed to rute out obscuration or absorption (the first two causes), but we were unable to determine if the losses were caused by changes to the AR coatings or to the p-n junctions. The QE data from these modules showed that about 75% of the fsc losses occurred at wavelengths longer than 800 nm, which was inconsistent with browning of EVA [4] .
Because of the correlation with the total UV dose for all exposure methods, and because one indoor method used only UVA-340 fluorescent radiation, we hypothesized that UV radiation was responsible for the observed slow degradation. Although we suspected that a simple thermal process was not responsible, we were not able to conclusively eliminate this cause. Therefore, in 2003, we initiated a new experiment using a sample set consisting of individual x-Si, cells instead of modules, that was designed to isolate the exact cause of the observed Isc degradation, if possible.
If a thermal process is responsible for the degradation, cells stressed at devated temperatures in the dark should degrade. On the other hand, if UV damage is responsible, unencapsulated samples should degrade faster than conventional module packaged samples, and cells that have UV blocking should show no degradation. The experiment will be run untii at least ten years of equivalent outdoor exposure is accumulated.
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Three different types of x-Si cells were obtained from the same two manufacturers that produced the modules used in the previous study. These are: 1) cast poly-Si with Ti02 antireflection coating, 2) single-crystal Czochralski 
RESULTS TO DATE
At the time of this writing, the samples have accumulated a total UV dose of 1056 MJlm'. There have been no measurable changes to the operrcircuit voltages (*2 mV out of 600 mV), and one unencapsulated cell has a 10% loss of fill factor due to an increased series resistance. We note that none of the cells showed the rapid initial light-induced degradation of ioc due to the . .-- Normalized lsc versus total UV exposure dose for Fig. 1 . the unexposed control samples. Ti02 samples, on the other hand, have linear correlation coefficients higher than 0.9; these trends are plotted in Fig. 3 . Figure 4 shows the changes in the absolute QE for one of these samples (#2); note that all losses have occurred at wavelengths shorter than 700 nm. Unencapsulated samples Table 2 lists the I , linear degradation rates with corresponding correlation coefficients for the unencapsulated samples. The linear fits are illustrated in Fig. 5 for the cast-Si Ti02 samples. Although the degradation in Fig. 5 is not large, it appears to be geater than the *?% lsG measurement repeatability, as seen in . Figs. 1 and 2 . The medium values of the correlation coefficients could indicate that UV dose is not the only cause of the degradation. It is interesting to note that there does not appear to be any differentiation between the cell types, unlike the EVA-encapsulated samples.
There are no clear trends in the QE data that might indicate specific wavelength regions in which the losses are occurring. F i g 5 the unencapsulated cast-Si samples.
UV-blocking superstrate samples
At this point in the test program, it is apparent that the Schott GG495 UV-blocking superstrates are not stable enough for studying I , degradation. The instability is evident in the large swings in Fig. 6 , which plots the normatized I , , results for the cast-Si with Ti02 AR coating samples. Including the results for the Cz-Si samples (Fig.  7) , the plate-to-plate instabilities differ and are large enough to mask any changes in cell performance. It would be informative to study transmittance changes on a sample of GG495 glass as a function of UV exposure.
Normalized Isc versus total UV exposure dose for 
DISCUSSION AND CONCLUSIONS
Undoubtedly the most disappointing results have to be with the UV-blocking superstrates. A way was needed to expose cells to light and at the same time prevent any UV radiation: coloredglass filters seemed to be the only solution.
In hindsight, however, the transmittance instabilities of colored-glass filters are wet1 known. It was hoped that the filters would stabilize after an initial exposure period of some length, but this has not yet occurred. Even if they do eventually stabilize, it would likely be impossible to draw any conclusions about
The results from the unencapsulated and the SolatexlEVA encapsulated samples, on the other hand, are interesting and trends are becoming evident. First, the unencapsulated samples exposed only in the oven are unchanged, which would indicate that a solely thermal process is not responsible for losses of I=. This result is contrasted with the cells encapsulated under SolatexfEVA, which seem to be degrading linearly with respect to total UV dose in at least one case (Table I and Fig. 3 ). These I , losses are occurring at wavelengths shorter than 700 nm (Fig. 4) , which is consistent with EVA browning 141. The interesting point so far is that the degradation rates vary with the cell type (Table I) , which is consistent with the previous results on modules [I] . If EVA browning is the only process occurring, one would expect the rates to be independent of cell type. _. changes in the cells.
Lastly, Is losses are beginning to be detectable in the unencapsulated cells (Table 2 ). These losses differ from those of the SolatexlEVA samples because so far they are all of similar magnitude, plus they do not appear to be wavelengthdependent.
Soiling could explain these losses, but the appearance of these samples is stili similar to those of the control and oven samples. Also, a simple cleaning step at the end of the long-term testing should indicate if soiling is responsible.
